In many mobile belts, paleomagnetic directions from elastic sedimentary rocks are typically shallower than directions from associated igneous rocks. This discordance raises questions about the reliability of sedimentary rocks and can lead to controversial paleogeographic reconstructions. In Newfoundland, the controversy over Silurian paleogeography arises from a difference between results from elastic redbeds (with anomalously shallow directions that place Newfoundland at the paleoequator in the Silurian) and coeval epicontinental volcanics (with steeper directions that place Newfoundland at a more southerly paleolatitude). This study tests the possibility that the anomalously shallow redbed directions are the result of internal strain or inclination error related to deposition. We specifically compare coarse-and fine-grained lithologies under the assumption that such remanence-altering effects will be different in rocks with differing mechanical competence.
Introduction
Recent paleomagnetic studies of coeval volcanic and red elastic rocks from the Atlantic Provinces in Canada yield seemingly inconsistent results that have triggered a controversy over the Silurian paleolati- tude is similar to that predicted for Newfoundland from the North American apparent polar wander (APW) path [4] and supports the conclusion based on geologic data that there was no significant displacement between North America and the accreted fragments of Iapetus after middle Silurian time [S] .
In contrast, paleomagnetic directions from silicielastic redbeds of the King George IV Lake area [6] , the Wigwam Formation of the Botwood Group [1, 7] and the Springdale Group [3, 8] reveal a range of shallower inclinations that place Newfoundland at or near the equator in the Silurian. Unlike the paleolatitude estimates from the volcanic rocks, an equatorial paleolatitude for Newfoundland is difficult to recontile within geological constraints or established Silurian paleogeography and requires either a dextral offset up to 2500 km between central Newfoundland and Laurentia or a modification of the North American APW reference path that would keep Laurentia near the paleoequator throughout much of the Paleozoic [8] . Until this controversy is resolved, Silurian paleogeographic reconstructions for Newfoundland and possibly for Laurentia remain in doubt.
At the core of the controversy are questions about
New World Island the reliability of the magnetizations from the two rock types. Fold, reversal and conglomerate tests suggest that both volcanic rocks and redbeds carry primary magnetizations. Yet, because the two rock types are at least partially interbedded, the discordant nature of these apparent primary magnetizations is improbable and has suggested that one of the rock types does not accurately record the Silurian geomagnetic field. Proponents of the reliability of the redbeds have argued that the volcanics may not fully average secular variation or that structural corrections in pillow basalts are too imprecise to accurately define the paleohorizontal [8] . Such concerns do not generally hinder paleomagnetic investigations of sedimentary lithologies. However, unaveraged secular variation or inaccurate paleohorizontal seems unlikely given the dual polarity of the volcanic directions and the consistency of these directions from sites between widely spaced flows. Because of these internal consistencies and because the volcanic results yield paleolatitudes that agree with those derived from the North American APW path as well as those from paleofacies and paleoclimate data [9] , we have argued that the volcanic directions more accurately record the ancient field and that the redbed directions are anomalous [3,10,11]. Problems of discordant directions from similar age igneous and sedimentary rocks are not unique to Newfoundland. In other erogenic belts, like those in southern Alaska [12] or in the British Isles [13] , discrepancies between directions from volcanic and elastic rocks have been explained by several mechanisms, including selective remagnetization of the sedimentary rocks, inclination error during deposition, inclination shallowing or remanence rotation due to compactional or tectonic strains, and incomplete demagnetization of one or more overprinting magnetic components. Thus, our re-examination of the paleomagnetism and magnetic susceptibility fabric of the Silurian Wigwam and Springdale Formations of Newfoundland may have important applications for other redbed studies too.
Geological setting and sampling
Both the Springdale and Wigwam redbeds consist of subarea1 red siliciclastic rocks deposited on top of thick sequences of epicontinental mafic and felsic volcanic rocks [14, 15] . Contact with the underlying volcanics is conformable and occasionally the redbeds and volcanics are interbedded. Radiometric dates on the underlying volcanics and on cross-cutting dikes as well as fossil data [14, 20] indicate that both the Springdale and Wigwam redbeds were deposited in the Llandoverian to Wenlockian. Radiometric results from undeformed dikes indicate that folding of the redbeds is also Silurian in age [18] . Concurrent with and preceding regional folding are episodes of both sinistral and dextral strike-slip faulting [21] , that are thought to result in local rotations about vertical axes.
Paleomagnetic samples were collected from four Wigwam (SW) and four Springdale (Ss) sites (Fig.  1 ). These 8 sites are sufficient for our purposes because a large number of previous studies have already produced paleomagnetic results [1, 3, 7, 8] . One inch diameter cores were drilled in the field and oriented using a standard orienting device and magnetic compass. Between 6 and 18 samples were collected per site (94 samples in total). The sampling scheme was designed to collect from both relatively fine-and coarse-grained lithologies in order to test for possible strain or grain-size dependent effects. At sites SW-~, SW-~, Ss2 and Ss-4 approximately equal numbers of fine-grained and coarse-grained sandstones were collected. Sites Ss-1 and SW-~ consist of moderate to coarse sandstones. Site Ss-3 consists of medium-grained sandstone. Site SW-~ consists almost entirely of fine-grained sandstones with minor amounts of interbedded mudstone.
Methods
Progressive thermal demagnetization was performed on all samples using Schonstedt TSD-1 (maximum internal field of 10 nT1 and ASC TD-48 thermal demagnetizers. Each sample was subjected to between 10 and 25 thermal demagnetization steps up to a peak temperature of 685" C. Remanence measurements were made on a three-axis cryogenic magnetometer (2G). Both demagnetization and measurement were performed in a magnetically shielded room at the University of Michigan with a rest field of less than 200 nT. Remanence components were determined from a least-squares analysis [22, 23] on linear segments of the orthogonal vector trajectories [24] or from stable end points. Mean directions and their statistical parameters were determined following the method outlined in Fisher [25] .
The anisotropy of magnetic susceptibility @MS) was measured on a KLY-2 susceptibility bridge using a twelve-position measurement procedure. The source of susceptibility was determined by comparison of the intensity of susceptibility at room temperature compared with that at 77 K [26, 27] . AMS and paleomagnetic results were also compared with optical observations made from the paleomagnetic cores and from thin sections cut from representative samples. , in which most of the magnetization vector is removed above 620" C. In some cases, Type I behavior shows univectorial decay toward the origin with unblocking temperatures up to 680" C ( Fig. 2a) . However, several samples show initial removal of a steeply downward and northerly component that is parallel to the present Earth field in in-situ coordinates (Fig. 2b) . In some samples, this present-day field (PDF) overprint is easily removed at moderate demagnetization temperatures (400" C in Fig. 2b ) but in other samples this component is stable to higher unblocking temperatures in excess of 600' C.
Paleomagnetic results

Samples from the
In geographic (in-situ) coordinates, Type I characteristic directions yield either north to east-northeast or south-southeast to south-southwest declinations with scattered shallow to moderate upward or shallow downward inclinations. Unblocking temperatures well above 585" C suggest thatboth the characteristic and PDF components are carried by hematite.
Type il. Antipodal characteristic components
Type II demagnetizations are characterized by two antipodal components with slightly different unblocking temperature spectra in the same sample (Figs. 2c and 2d). Typically, these demagnetizations show stable directions to moderately high unblocking temperatures ( N 650" C) followed by removal of an antipodal characteristic direction with discrete unblocking temperatures between 650 and 685" C ( Fig. 2~) . Occasionally, however, the lower temperature component is removed over a broad range of unblocking temperatures followed by unblocking of an antipodal characteristic magnetization with discrete unblocking temperatures (Fig. 2d) . Type II directions are similar to Type I, and both types are characteristic of finer grained samples, as we discuss below.
Type III: Multi-component demagnetization
Type III behavior is characterized by complex multi-component demagnetizations (Fig. 3a) and is typical of the coarse-grained sandstones. Demagnetizations are noisy and linear components typically have large mean angular deviations (MAD) greater than 20". Characteristic directions (when they can be defined) are scattered, although site Ss-2 produced a set of consistent directions with northerly declinations and shallow upward and downward inclinations in tilt-corrected coordinates. Comparison of these directions with Type I and II directions from the fine-grained samples of this site show that the directions from the coarse-grained samples are significantly shallower (Fig. 4) .
Type IV: Reactive demagnetization
Type IV behavior is characterized by the growth of new magnetic minerals during thermal demagneti- Site numbers (SW for Wigwam Formation and Ss for Springdale Formation) refer to the site locations shown in Fig. 1 . DD and D are the dip direction and dip of bedding. N and n are the number of samples demagnetized and the number used in the analysis. Dee and Znc are the declination and inclination of the site-mean directions. k and a95 are the precision parameter and the 95% confidence region around the mean directions as defined by Fisher 1~1. Site directions converted to a common polarity when the mean directions were computed. The diions of site Ss-1 are placed ln parentheses and have not been included in the means. * In-situ coordinates; t stratigraphic coordinates; $ bedding strike correction in which directions are rotated about a vertical axis so that bedding strikes are all northeast-southWest. zation (Figs. 3b and 3~ ). In these samples the intensity of magnetization increases exponentially after heating, usually at oven temperatures above 600" C. This sudden increase in intensity then masks isolation of the characteristic magnetization. In some samples this sudden intensity increase occurs during unblocking of what appears to be antipodal components (Fig. 3b , in which a northeast and upward direction was removed from a southerly and downward direction). In other samples, the intensity increase occurs during or after removal of a strong PDF component (Fig. 3~) . No characteristic directions were obtained from Type IV behavior. and 620" C (Fig. 3d) . Unblocking occurs over a narrow temperature range above 620" C followed by the removal of what is either a component or possibly an antipodal component. As such, these demagnetizations may represent either a Type II direction in which the antipodal direction is not clearly resolved or a Type IV magnetization in which the magnetizations become spurious at high unblocking temperatures. Because these directions do not decay linearly toward the origin, stable end points were used to define the characteristic directions. Type V results are roughly similar to Type I and II results with north and upward or south and downward directions, although there appear to be important differences between the Type V and the Type I and II results, as we discuss below.
Mean directions and fold test results
For our initial computation of mean directions we have use only Type I, II and V results ( Table 1) . The complex patterns of Type III and IV demagnetizations make it likely that single-component, characteristic magnetizations are not clearly defined in these samples, which may also be true for the Type III directions of site Ss-2 (Table 1) . Mean directions were calculated for 7 of the 8 sites (55 samples). Site Ss-1 had only one reliable direction and, although this sample direction is consistent with our other results, it was not included in the calculation of the final mean directions. In geographic coordinates, site means directions yield either southerly declinations with shallow to moderately downward inclinations or north to northeast declinations and moderately upward to shallow downward inclinations (Fig. 5a) . Upon tilt correction, the declinations remain scattered but the inclinations appear to cluster at either intermediate upward or downward angles (Fig. 5b) . Because we suspect significant vertical axis rotations associated with strike-slip faulting across Newfoundland, we use an inclination-only tilt test to quantify the paleomagnetic fold test [27, 28] . Results from this test show a seven-fold increase in k, indicating that the magnetization is pre-folding (Fig. 5d) . Correcting for bedding strike by rotating the site-mean directions about a vertical axis until all bedding strikes coincide along a northeast-southwest direction also indicates that this magnetization is pre-tectonic in age (Fig. SC) . Although the overall mean declination is unconstrained in this test because the reference strike was arbitrarily taken as northeast-southwest, the resulting distribution of site mean directions shows a moderately well clustered, two-polarity magnetization. The mean inclination for all Type I, II and V directions of 37" f 12" corresponds to a paleolatitude of 21' 61 f 8" . We interpret the generally north and up/south and down directions as normal/reverse polarity southern hemisphere magnetizations, which yields the southern (negative) hemisphere paleolatitude. Because Type V demagnetizations did not decay to the origin, it is possible that these end-point directions are not single component but composite magnetizations with overlapping thermal unblocking spectra. Separation of the lines a larger scatter than the Type I and II directions (Table 1 and Fig. 6a ). Based solely on the more reliable Type I and II directions, the mean inclination of 40" f 14" corresponds to a paleolatitude of 23" (S) f 9". The type of demagnetization behavior depends in large part on the grain size of the samples (Fig. 6b) . The most reliable directions (Type I and II) are primarily found in the finest grained sandstones. Type V directions, which yield slightly shallower directions with larger scatter, are found in the fine-to medium-grained sandstones. In contrast, Type III and IV directions, which produced the very shallow mean direction at site Ss-2, are generally found in the medium-to coarse-grained samples.
AMS results
Susceptibility measurements show distinctive patterns between the redbeds of the two formations. Bulk susceptibility values for the Springdale samples range between 9.0 X 10e5 @I) and 4.5 X 10e4 (SI). Susceptibility values for the Wigwam samples are an order of magnitude stronger and range between 9.5 X 10e4 (SI) and 2.5 X 10m3 @I). The ratio of the bulk susceptibility at room temperature to that at 77 K is between 1.3 and 1.7 for the Wigwam samples and between 3.2 and 3.5 for the Springdale samples. These results indicate that the susceptibility is primarily carried by a ferromagnetic phase (hematite) in the Wigwam Formation and by a paramagnetic mineral phase (chlorite) in the Springdale Formation. Optical observations from oriented thin sections support these observations. The Wigwam samples show framework grains of quartz, feldspar and mafic miuerals surrounded by a hematite cement. The Springdale samples show quartz and feldspar with both crenulated detrital and secondary phyllosilicates. The magnetic fabrics recorded by the AMS measurements also show distinct differences between the two formations. In the Wigwam samples, AMS results reveal bedding-controlled (sedimentary) fabrics characterized by weakly ablate susceptibility ellipsoids with minimum axes perpendicular to bedding (Figs.  7a-d and i) . In contrast, AMS results from the Springdale samples show what appears to be a composite tectonic-bedding fabric characterized by both prolate and oblate susceptibility ellipsoids with mini-mum axes subperpendicular to cleavage and maxiprimary. The paleolatitude of 23" (S) f 9" is similar mum axes near the intersection of bedding and the to that predicted for Newfoundland from the North foliation plane of the AMS ellipsoid (Figs. 7e-h and American APW path (Fig. 8) and to paleolatitudinal j). Unlike the remanence data, we find no relationestimates from coeval volcanic rocks [l-3], but is ship between AMS fabrics and the grain size of the significantly different from previous paleolatitudinal samples.
estimates derived from these same redbeds [3,6-81.
Discussion
The characteristic directions from the Springdale and Wigwam redbeds yield a pre-folding and pre-rotational magnetization with antipodal directions. Because deformation occurred soon after deposition in the early Silurian, this magnetization is most likely
The range of paleolatitudinal estimates from the redbed studies compared with the consistent results from the volcanic studies illustrates the systematic bias of the previous redbed results toward anomalously low paleolatitudes (Fig. 8) . This bias was first pointed out by Potts et al [3] for the Springdale redbeds. Our observations of the relationship between remanence and grain size indicate that this bias is most pronounced in the coarse-grained sand- stones and that only the finest grained sandstones yield reliable Silurian magnetizations for Newfoundland.
Demagnetization effects
The most likely explanation for the observed grain-size effect is incomplete isolation of a primary characteristic direction in the coarser grained samples. Based on our detailed analyses of the demagnetization characteristics, it appears that incomplete demagnetization of overlapping components may, at least in part, explain the anomalous redbed directions from previous studies. We see evidence for contamination due to a strong present-day field component and mixing of normal and reversed polarity components, whose composite directions are generally shallower than a single-component characteristic direction defined by a linear decay toward the origin. This effect is most evident in the comparison of the Type I and II results derived from lines compared with Type V directions derived from stable end points or Type III directions derived from the complex demagnetization trajectories (Figs. 4 and 6a) .
Previous results from these redbeds [3,6-81 included directions from both line and end-point analyses. As a result, cones of 95% confidence around the site mean directions were large, with an average value of 18" and some over 25". In contrast, and even with fewer samples per site, the 95% cones of confidence from our analyses average around 14". This improvement in precision highlights the impor-
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Carboniferous 1 tance of using only the highest quality demagnetization data (those showing well-defined linear decay toward the origin) in the computation of the characteristic site-mean directions.
Inclination error
Inclination error associated with deposition of the coarse-grained lithologies may also have contributed to the observed shallow inclinations. As it was originally defined, 'inclination error' was used to describe the shallower than expected inclinations of a depositional remanent magnetization (DRM) due to settling of platy or elongate magnetic grains within bedding [29, 30] . More recent work has extended the meaning to include post-depositional processes such as compaction. In this discussion, we adhere to the original definition.
King's [30] model quantified inclination error according to the equation:
where 1, is the resulting inclination, I,, is the inclination of the ambient field, and f is fraction of spheres to total grains (plates and spheres). Experimental and natural results on hematite-bearing fluvial sandstones confirm inclination errors according to this model and give values of f between 0.40 and 0.55 [31, 32] .
As is the case for many redbeds, there is no direct evidence in the Springdale and Wigwam rocks to indicate whether the characteristic remanence is a DRM or a chemical remanent magnetization (CRM) that was acquired during diagenesis, within a few million years after deposition. Based on optical observations from thin sections, Hodych and Buchan [8] noted what they considered to be detrital hematite grains in the Wigwam Formation. However, distinguishing CRM from DRM is problematic given the similarity of CRM-and DRM-carrying hematite and the inability to detect which are the important remanence-carrying grains solely from optical observations. One possibility is that there are elements of both DRM and CRM in these rocks, perhaps to the extent that the dual polarity characteristic magnetization (Type II) represents a DRM overprinted with a slightly younger CRM of opposite polarity.
Substituting the previously reported redbed inclinations [1,3,6-g] for I,, and using 40" , based on the North American APW path 141, for Zb, Eq. (1) yields f values of 0.66, 0.43, 0.09, 0.37 and 0.31 respectively. In a similar fashion, the f ratio determined from the mean directions of the coarse sandstones (1,) and fine-grained mudstones (I,) samples at site Ss-2 is 0.21. Except for the low f ratio from site Ss-2 and the very low f ratio from the King George IV Lake 161, these f values are reasonably consistent with those from the experimental results [31, 32] . The slightly lower values for f for site Ss-2 and King George IV Lake possibly indicate a greater fraction of platy hematite in these rocks. Based on these results, we suggest that inclination error may at least partially explain the shallow inclinations previously observed in these rocks. As expected, the effect is most pronounced in the coarsest grained samples because these rocks were deposited in relatively higher energy environments. Both contamination by overprints and inclination error produce similar deviations of remanent directions in the coarser grained rocks, and therefore, the two effects cannot be distinguished from each other from the directional data alone. Moreover, because only the fraction of remanence-carrying hematite and not the entire population of ferromagnetic and paramagnetic grains may be affected, AMS, and by analogy anisotropy of remanence [ll] , may prove ineffective in detecting inclination error.
Strain effects
Previous studies of redbeds have shown that both compaction and internal strains associated with deformation can cause a significant deflection of the remanent magnetization [33] . In both cases the degree of remanence rotation appears to be controlled in part by the grain size of the rock's matrix grains, simply because the finer grained rocks are less competent and tend to absorb a greater proportion of internal deformation. Unlike inclination error associated with deposition where the bulk magnetic fabric may be unrelated to the magnetic fraction that carries the stable remanence [lo] , compaction or other strain-related effects should show a distinct telationship between the development of the magnetic fabric and the orientation of remanence [33] .
We do not find any evidence that post-depositional strain, either compaction or tectonic, has significantly affected the magnetization in these rocks. In this study, the steepest directions are found in the finest grained samples, opposite to what is predicted for the accumulation of internal strain in fine-and coarse-grained rocks. Moreover, the AMS results suggest that the Wigwam samples preserve a sedimentary-related fabric whereas the Springdale samples show the development of a tectonic fabric. Yet, despite these differences in fabric development, the grain-size effects on remanence appear to be similar in both formations. The progressive development of these fabrics does not appear to have affected the orientation of remanence, and we observe no correlation between remanence directions and the degree of magnetic anisotropy.
Conclusions
Detailed thermal demagnetization of the Silurian Springdale and Wigwam redbeds of Newfoundland yield a pre-folding and pre-rotational magnetization that appears to contain elements of both a depositional (DRM) and diagenetic chemical (CRM) remanent magnetization. Unlike previously reported results for these rocks, which place Newfoundland near the paleoequator in the Silurian, our analyses yield a paleolatitude for Newfoundland of 23" 6) f 9") consistent with that from coeval volcanic rocks and with the paleolatitude predicted for Newfoundland based on the reference North American APW path. Our results also suggest significant vertical axis rotations in the region after remanence acquisition.
Based on our observations, the most likely explanations for the anomalous redbed directions previously reported from these rocks are the incorporation of incompletely isolated characteristic directions into the overall mean and possible inclination error related to the acquisition of a DRM. We do not find evidence for significant deflection of remanence due to compaction or subsequent tectonic strains. These results suggest that, in these redbeds, the finer grained sandstones are the more accurate recorders of the ancient geomagnetic field.
